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INTRODUCTION ϳϭ ϳϮ
The great variety of cellular processes regulated by the cAMP-protein kinase A ϳϯ (PKA)-pathway must be strictly controlled to maintain specificity in the response. Different stress responses and development (Thevelein and Winde 1999; Thevelein et al. 2008; ϵϱ Smets et al. 2010) . This pleiotropic role of PKA also needs a tight regulation. The structure ϵϲ of the PKA holoenzyme is conserved from mammals to yeast, and consists of a ϵϳ heterotetramer composed of a regulatory subunit homodimer and two associated catalytic ϵϴ subunits. The yeast catalytic subunits are encoded by three genes, TPK1, TPK2 and TPK3, ϵϵ and the regulatory subunit, by the BCY1 gene. Among the factors contributing to the 2012; Engelberg et al. 2014) . We are interested in understanding how transcriptional ϭϬϰ regulation of the PKA subunits contributes to the specificity of the cAMP-PKA signaling. ϭϬϱ We have previously conducted investigations aimed at characterizing the promoter activity ϭϬϲ of the BCY1 and TPK genes and have demonstrated that the promoter of each isoform of ϭϬϳ TPK and of BCY1 is differentially regulated during growth phase and stress conditions ϭϬϴ (Pautasso and Rossi 2014) . TPK1 promoter activity is positively regulated during heat ϭϬϵ shock and saline stress but TPK2, TPK3, and BCY1 promoters, unlike TPK1, are not ϭϭϬ activated under these stress conditions. Therefore the expression of each PKA subunit ϭϭϭ involves different mechanisms in response to heat shock or saline stress. However, the four ϭϭϮ promoters of PKA subunits share an inhibitory autoregulatory mechanism since all of them ϭϭϯ are downregulated by PKA activity (Pautasso and Rossi 2014) . Taking into account these ϭϭϰ antecedents, our aim in this work was to identify novel transcriptional regulators of PKA ϭϭϱ subunits. Taking advantage of the unique tractability of yeast, we used an unbiased highϭϭϲ throughput approach to uncover regulators of the promoters of the BCY1 and TPK genes. ϭϭϳ We performed a reporter-synthetic genetic array (R-SGA) screen previously described to ϭϭϴ ϲ assess the effect of viable deletion mutants on the transcription of TPK1, TPK2, TPK3 and ϭϭϵ BCY1 promoters. The R-SGA screen makes use of a two-colour promoter-reporter system ϭϮϬ that is delivered to the array of viable haploid deletion mutants using high-throughput ϭϮϭ genetics (Kainth et al. 2009 ). This reporter-based screen has shown to be a powerful ϭϮϮ strategy for identification of regulatory proteins and upstream signals involved in promoter ϭϮϯ regulation (Kainth and Andrews 2010). Using this approach, we were able to identify ϭϮϰ unique pathways that differentially regulate the activity of the BCY1, TPK1, TPK2 and ϭϮϱ TPK3 promoters. Clustering analysis of the genes identified revealed enrichment in genes ϭϮϲ with roles in several GO biological process. From these GO, lipid and phosphate ϭϮϳ metabolism, and regulation of transcription categories were further characterized and ϭϮϴ validated using ȕ-galactosidase reporter assays and qRT-PCR. The results of our genetic ϭϮϵ screen pointed to inositol, choline and phosphate as novel upstream signals that regulate ϭϯϬ transcription of PKA subunit genes. Table 1 lists the genotype of the strains used in ϭϯϱ this study. For the ȕ-galactosidase reporter assays and RNA purification the strains were ϭϯϲ cultivated at 30° to early log phase (OD 600 =1) or late log phase (OD 600 =3.5) in synthetic SD ϭϯϳ media containing 0.67% yeast nitrogen base without amino acids, 2% glucose plus the ϭϯϴ necessary additions to fulfill auxotrophic requirements . In the assays to measure inositol ϭϯϵ and choline effects, yeast cultures were grown at 30° in a complete synthetic medium ϭϰϬ lacking inositol, choline (Klig and Henry 1984) and uracil (in the case of reporter ϭϰϭ plasmids). Where indicated, 75 µM inositol (I) and/or 1 mM choline (C) was added. The ϭϰϮ ϳ assays to analyze the phosphate effect were performed in low-Pi medium containing 0.15 ϭϰϯ mM KH 2 PO4, and high-Pi medium containing 7.35 mM KH 2 PO 4 . High-throughput ϭϰϰ functional assays were performed with plasmids containing the 5' regulatory region and ϭϰϱ nucleotides of the coding region of TPK1, TPK2, TPK3 and BCY1 genes (positions -800 to ϭϰϲ +10 with respect to the ATG initiation codon in each case), cloned into pBA1926 ϭϰϳ controlling GFP expression. The plasmids used in ȕ-galactosidase reporter assays to ϭϰϴ measure the promoter activities were derived from the YEp357 plasmid (Myers et al. ϭϰϵ 1986). The TPK1-lacZ, TPK2-lacZ, TPK3-lacZ, and BCY1-lacZ fusion genes contain the ϭϱϬ same 810 bp regulatory fragments included in the pBA1926 constructs.
Strains, plasmids and culture conditions-
ϭϱϭ High-throughput functional assay-The Saccharomyces cerevisiae array of 4500 viable ϭϱϮ strains, each missing a non-essential gene (BY4741 background, Euroscarf) was used in the ϭϱϯ R-SGA screen (Kainth et al. 2009 ) to detect genes that affect the expression of a GFP ϭϱϰ reporter system under the control of TPK1, TPK2, TPK3 and BCY1 promoters The -800 to ϭϱϱ +10 sequences from each promoter were cloned upstream the GFP reporter gene. The ϭϱϲ constructs were used to transform the BY4256 strain carrying the RPL39pr-tdTomato ϭϱϳ reporter (RFP). After mating the collection strain with the BY4256 MATĮ strain carrying ϭϱϴ each of the prGFP constructs, diploids were selected and sporulated followed by the ϭϱϵ selection of MATa xxxǻ haploids containing the prGFP plasmid. Robotic manipulation of ϭϲϬ the collection was performed using a Biomatrix robot and plate imaging system (S&P ϭϲϭ Robotics Inc.)..Colony size for each arrayed mutant was analyzed and positions on the ϭϲϮ array with no or slow colony growth were eliminated from further analysis. Colony ϭϲϯ fluorescence was assayed following 1 and 4 days of incubation on minimal glucose ϭϲϰ medium using PharosFX Molecular Imager (Bio-Rad). The data was analyzed with Array ϭϲϱ Gauge V1.2 software. The log2 GFP/RFP ratio from each colony on the array was ϭϲϲ ϴ calculated as described (Kainth et al. 2009) . A large number of deletion mutants were ϭϲϳ represented twice in the array, and each screen was performed in duplicate, resulting in ϭϲϴ quadruplicate measurements for some deletion mutants. These log2 ratios were transformed ϭϲϵ to robust Z scores using median and median absolute deviation, and p-values were assigned ϭϳϬ to these Z scores based on a normal distribution. A p-value cut-off of 0.01 and 0.05 was set. ). We considered the possibility that the genome-wide screen ϮϮϳ gave false positives using a p<0.05, however our control was the cAMP-signaling pathway ϮϮϴ as regulator. Although not much is known about transcriptional regulation of these genes,
ϮϮϵ
we have previously demonstrated that TPKs promoters are inhibited by PKA activity, and ϮϯϬ that Tpk2 had a stronger inhibitory effect on TPK1 and TPK3 promoters when cells were Ϯϯϭ grown in liquid cultures (Pautasso and Rossi, 2014). Thus, we expected the deletion of ϮϯϮ TPK2 to result in increased prTPK1-GFP and prTPK3-GFP expression compared to its Ϯϯϯ effect on the control RPL39pr-RFP gene. We found that TPK2 deletion did in fact cause a Ϯϯϰ defect in TPK1 transcription (Table S1 ). Reducing the cutoff to 1%, Tpk2 was not detected; Ϯϯϱ thus, even though the false positives perhaps could be reduced using a lower cut off, this Ϯϯϲ ϭϭ lower p-value could discard true regulators. The putative transcriptional regulators Ϯϯϳ identified when the cut off was 0.05 are summarized in Table S1 .
Ϯϯϴ
The R-SGA analysis was also performed from colonies arrayed on defined media Ϯϯϵ with glucose as carbon source grown only one night instead of four days (data not shown).
ϮϰϬ
The results in this case showed a higher number of negative regulators and a lower number Ϯϰϭ of positive regulators than those identified from plates grown four days ( Figure 1 ). This is ϮϰϮ in agreement with previous results from our laboratory indicating that all the promoter Ϯϰϯ subunits are upregulated during stationary growth phase (Pautasso and Rossi 2014). Here, Ϯϰϰ although strains were grown in solid media plates instead of liquid cultures, the results Ϯϰϱ showed the same tendency when comparing plates incubated for different periods of time.
Ϯϰϲ
Altogether, the results of our screen were consistent with previous findings, and Ϯϰϳ successful identifying some of the expected modulators, therefore validating the use of this Ϯϰϴ approach for the unbiased identification of novel regulators of the expression of PKA Ϯϰϵ subunits. ϮϱϮ We focused our analysis on the results obtained from R-SGA screens performed from Ϯϱϯ colonies arrayed on defined medium with glucose as carbon source grown four days at 30°.
ϮϱϬ

Ϯϱϭ
Novel transcriptional regulators of PKA subunits
Ϯϱϰ
The log2 ratios were transformed to Z score and p-values assigned on the basis of a normal Ϯϱϱ distribution (see Materials and Methods). This analysis identified 469 putative Ϯϱϲ transcriptional regulators for TPK1, 437 for TPK2, 307 for TPK3 and 299 for BCY1 ( Table   Ϯϱϳ   S1 ).
Ϯϱϴ
Clustering analysis of the genes identified revealed a discrete number of gene Ϯϱϵ ontology (GO) categories significantly enriched in each screen. The categories that were ϮϲϬ ϭϮ found to be enriched for TPK1, TPK2, TPK3 and BCY1 promoters with a cutoff of a p-Ϯϲϭ value < 0.05 are listed in Figure 2 and Table S1. The results showed that several GO ϮϲϮ categories differentially affected the expression of TPKs and BCY1, while many others Ϯϲϯ were common to all (Table 2) .
Ϯϲϰ
Using a more stringent cutoff of 0.01 the list of categories regulating PKA promoter Ϯϲϱ activities was reduced from 42 to 9 (TPK1, 21,4%) 43 to 18 (TPK2, 41,8%) 86 to 19 Ϯϲϲ (TPK3, 22%) and 57 to 7 (BCY1, 12,2%) (Table S1 ).
Ϯϲϳ
Overall, the results of the R-SGA screens have unveiled novel regulators of the PKA Ϯϲϴ subunits promoter activities. Different biological process affect different each PKA subunit Ϯϲϵ (twenty six categories), although some of them are shared for two (twelve categories), three ϮϳϬ (eight categories) or all the subunits (seven categories) ( Figure S1 ). Even more making a Ϯϳϭ detail analysis of all the genes included in the GO categories that were identified affecting ϮϳϮ all the subunits or at least the catalytic subunits we could observe that not all the same Table S1 ), were many of the genes mentioned previously. these included genes known to be ϯϭϯ regulated by inositol and choline, such as INO1, CHO2, SCS2, EKI1, FEN1,and the ϯϭϰ transcription factors INO2 and INO4, and genes involved in inositol polyphosphate ϯϭϱ metabolism including PLC1 and those encoding the inositol kinases ARG82, IPK1 and ϯϭϲ KCS1. The enrichment of this category survived was also detected with a more stringent ϯϭϳ cutoff of p<0.01,. In addition, genes coding for the phosphoinositide phosphatases SAC1 ϯϭϴ and INP51 as well as genes involved in sphingolipid metabolism like ISC1 coding for the ϯϭϵ inositol phosphosphingolipid phospholipase C and ELO2 and ELO3 coding for fatty acid ϯϮϬ elongases involved in sphingolipid synthesis were identified. It is worth noting that ϯϮϭ phosphatidiylinositol (PI) metabolism in yeast is directly linked to the synthesis of ϯϮϮ sphingolipids as PI donates the phosphoinositol head group that is combined with ceramide ϯϮϯ for the production of complex sphingolipids. ϯϮϰ Altogether these results pointed to a possible novel role of inositol as an upstream ϯϮϱ regulator of PKA subunits expression. To test this TPK1, TPK2, and TPK3 promoter ϯϮϲ activities were assessed using promoter-lacZ-based reporter assays, in wild type cells ϯϮϳ (strain BY4741) grown to late log phase (OD 600 3.5) in minimal medium containing ϯϮϴ glucose but lacking or supplemented with 75 µM inositol and 1mM-choline ( Figure 4A , ϯϮϵ upper panel). In fact, the activity of all three promoters were regulated by the presence of ϯϯϬ inositol. Interestingly, addition of choline to inositol depleted medium also activated these ϯϯϭ promoters and no major differences were found when inositol and choline were added ϯϯϮ ϭϱ together. This is somehow surprising as the effect of exogenous choline is usually much ϯϯϯ less dramatic than the effects of exogenous inositol in UAS INO . In addition to ϯϰϳ these, microarray analysis has also revealed many additional genes, that are regulated in ϯϰϴ response to the presence or absece of inositol and choline which are not involved in lipid ϯϰϵ metabolism (Santiago and Mamoun 2003; Jesch et al. 2005) . In order to understand the ϯϱϬ mechanism involved in the regulation of PKA subunits expression we further tested the ϯϱϭ effect that deletion of various genes forming the inositol/PA sensing core had on the ϯϱϮ promoter activities of the PKA subunits. Reporter assays using ȕ-galactosidase activity for ϯϱϯ each PKA subunit promoters were measured in mutant strains ¨ino2, ¨ino4, ¨scs2, ¨opi1 ϯϱϰ and¨dgk1 ( Figure 5A ). The results indicated that the lack of INO2, INO4 or DGK1 ϯϱϱ upregulated TPKs promoters. On the contrary, in the ¨opi1 strain TPK1, TPK2 and TPK3 ϯϱϲ ϭϲ promoters were downregulated. Taking into account these results we suggest that the ϯϱϳ regulation by inositol on TPKs promoters is indirect, and that Ino2/4 may regulate another ϯϱϴ gene that has repressor activity on TPKs promoters. To validate the results with another ϯϱϵ approach, the same mutant strains lacking the genes encoding regulatory proteins of the ϯϲϬ phospholipid biosynthetic pathway were used to measure the endogenous mRNA levels of ϯϲϭ each PKA subunit by RT-qPCR. The results showed that the mRNA levels of each subunit ϯϲϮ were not completely in agreement with promoter activities (Figure 5B ), In the the ¨ino4 ϯϲϯ strain for TPK1 and TPK2 promoters, and¨ino2 strain for the three TPKs promoters, the ϯϲϰ mRNA levels were opposed to the promoter activity. Converse trends were also found for ϯϲϱ ¨opi1. This type of regulation has been further supported by the discover of synthegradase ϯϳϱ factors that modulate not only the transcription but also the decay of mRNA as a two-arm ϯϳϲ mechanism to be more responsive to regulatory signals (Henry et al. 2012) . Recent studies ϯϳϳ have demonstrated that environmentally induced genes are subject to transcriptional ϯϳϴ upregulation along with an increase in decay rate of the transcripts (Bregman et al. 2011) . Figure 6 ). The results demonstrate the different effect that the absence of each ϰϯϳ transcription regulator caused on each PKA subunit promoter. The case of Flo8 ϰϯϴ transcription factor is noteworthy since it was identified as regulator of TPK3 and BCY1 ϰϯϵ transcription in our R-SGA screens even though the colonies in the array have a BY4741 ϰϰϬ background. It is well known that yeast strains derived from S288c, like BY4741, are ϰϰϭ incompetent for filamentous growth due to a mutation in the FLO8 gene (flo8-1) that ϰϰϮ produces a truncated transcription factor altering expression of FLO11 (Liu et al. 1996) . Regulation of eukaryotic gene expression is controlled at multiple levels, each ϰϴϴ distinguished by different spatial and temporal arrangements. The combination and ϰϴϵ orchestration between regulatory mechanisms at various levels are central to a precise gene ϰϵϬ expression pattern, which is essential to many critical biological processes. Kinases are ϰϵϭ sensitive to environmental perturbations and have different functions under different ϰϵϮ growth conditions. A kinase has many substrates and the signal specificity is key to achieve ϰϵϯ the exact and appropriate response to a given stimulus. In the cAMP-PKA pathway, the ϰϵϰ regulation of signal specificity is attained at several levels, one of them is the regulation of ϰϵϱ PKA subunits transcription. Our results showed an integrate network of common and Figure 4 -A) Upper panel, β-galactosidase activity was determined in WT cells (strain BY4741) carrying the TPKs-lacZ or BCY1-lacZ fusion gene. Cells were grown up to OD 600=3.5 in minimal medium glucose lacking or supplemented with I and C. β-galactosidase activity is expressed in Miller Units. Results are expressed as the mean ± SD from triplicates within a representative assay and normalized to the TPK1 values. Lower panel, TPKs and BCY1 endogenous mRNA levels were determined in WT strain (B Y4741) grown in the same conditions described above. The values were normalized to TUB1 mRNA. The mRNA level for each subunit in the WT strain was defined as 1. B) β-galactosidase activity was measured as in A but using minimal medium with high phosphate ( Pi) or low Pi .
